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Abstract 
A 3D-printed prototype of an electrochemical flow cell for the synthesis of 
superparamagnetic magnetite nanoparticles of medium size between 15 and 30 nm was 
constructed and its performance was evaluated. The cell consists of a series of rectangular 
channels in a parallel electrode arrangement. Electrolyte flows through the channels as the 
electric current is supplied to the system and a combination of electrochemical and 
chemical reactions create the appropriate conditions for magnetite precipitation. Different 
electric configurations were evaluated and both energy and production efficiencies were 
calculated to determine the best configuration. Different flow and current values were also 
investigated, and all the materials were analyzed by X-ray diffraction, transmission electron 
microscopy, Mössbauer spectroscopy and magnetization curve measurements to determine 
their effect on particle morphology, composition and magnetic behavior. The best results 
were obtained for a parallel monopolar configuration, with 100 mA (3 mA cm-2) passing in 
each two electrodes and a flow value of 30 mL min-1, yielding an energy efficiency of 5.9 
kJ g-1 and a production rate of 12.1 mg min-1, approximately 6 times higher than the 100 
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mL standard cell previously used. Magnetic saturation was 77.3 emu g-1, slightly lower 
than the bulk material (92-100 emu g-1). 
Key words: Magnetite, Electrosynthesis, 3D printing, continuous flow cell 
 
1. Introduction 
Magnetite nanoparticles (MNPs) have become the subject of intense research in the 
last few years due to their wide variety of potential applications1–4. Several techniques for 
the synthesis of this material are widely available, including: chemical precipitation5, a sol-
gel process6, flame spray pyrolysis7, bacterial fermentation8 and electrochemical 
processes9–11. Within this rapidly growing group of techniques, the electrochemical route 
offers several advantages that make it attractive for specific applications. For example, 
electrochemical processes can produce a clean product with a well-controlled nanoparticle 
size, on the order of 20 to 30 nm, and narrow size distribution with excellent magnetic 
properties convenient for some biomedical applications, such as hyperthermia10,12. 
Electrochemical synthesis of MNPs applies a controlled current (or potential) 
between two iron electrodes submerged in an electrolyte. Iron electrochemical dissolution 
(equation 1) is the main reaction that occurs on the anode and water reduction is the most 
prominent on the cathode (equation 2). The pH value rises due to OH- production on the 
cathode, and Fe2+ species generated at the anode can react to form Fe(OH)2 (equation 3) 
that can be oxidized in the presence of dissolved oxygen in the electrolyte (equation 4), to 
form γ-FeOOH (lepidocrocite). Then, these oxyhydroxide species undergo a topotactic 
transformation (catalysed by Fe2+) to produce magnetite (equation 5)13–15.  
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 Anode: 
ܨ݁ → ܨ݁ଶା ൅ 2݁ି (1) 
 
Cathode: 
2	ܪଶܱ ൅ 2݁ି ↔ ܪଶ ൅ 2	ܱܪି (2)  
 
In solution: 
ܨ݁ଶା ൅ ܱܪି → ܨ݁ሺܱܪሻଶ (3) 
3	ܨ݁ሺܱܪሻଶ ൅ ܱଶ → 2	ߛ െ ܨܱܱ݁ܪ ൅ ܨ݁ሺܱܪሻଶ ൅ 2	ܪଶܱ (4) 
2	ߛ െ ܨܱܱ݁ܪ ൅ ܨ݁ሺܱܪሻଶ → ܨ݁ଷ ସܱ ൅ 2	ܪଶܱ (5) 
 
One of the main drawbacks of electrochemical synthesis of MNPs is the low yield 
values for laboratory-scale synthesis (1.9 mg min-1 in a standard batch synthesis15). Briefly, 
the standard batch electrosynthesis is carried out in a cell (100 mL), and two iron electrodes 
as cathode (8 cm2) and anode (2 cm2) are used. The production rate is directly controlled by 
the current supplied to the electrochemical media however, increasing yield while 
maintaining the same morphology and structural characteristics is not a straight forward 
task. There are several approaches for scaling up production, i.e., enlarging the size and 
number of electrodes, increasing current density or increasing synthesis time. In this paper, 
we use a combination of all of these approaches by employing a parallel electrode flow cell 
inspired by designs used for waste water electrocoagulation treatment due to the similarities 
shared by both of these processes16,17.  
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The construction of a working prototype can be an expensive and time-consuming 
endeavor however, 3D printing has recently become an accessible and low-cost alternative 
for fast lab-scale prototyping, allowing for the production of complex designs that would 
otherwise require expensive manufacturing processes18–23. The 3D printing process begins 
by creating a virtual model of the desired geometry. This can be accomplished using a 
variety of techniques, i.e. computer aided design (CAD) software, 3D scanners or 
photogrammetry. The model can then be “sliced”, which consists in the generation of 
several 2D cross section layers that describe the geometry entirety. The result of the slicing 
process is a coordinates file that the printer can use to deposit layers of material one on top 
of the other until the desired 3D object is created. There are 4 main categories of 3D 
printing technologies: extrusion, powder-based, lamination and photopolymerization. The 
most common technique by far is extrusion, specifically, fused deposition modelling 
(FDM), which uses thermoplastic materials such as polylactic acid (PLA), acrylonitrile 
butadiene styrene (ABS), polycarbonate (PC) and polyamide (PA)24. Through combining 
3D printing with finite element modelling (FEM), it is possible to create a very robust 
prototyping system that allows identification of possible improvement opportunities. 
Additive manufacturing has proven its usefulness in electrochemical applications 
such as conductive polymer-based 3D models25, electrochemical flow cells22,26, redox flow 
batteries23, biosensors27–29 and 3D-printed reaction and fluidic systems29,30.  
The objective of this study is to evaluate the performance of a flow cell constructed 
through 3D printing for producing magnetite nanoparticles and increasing the yield without 
changing their magnetic and structural properties.  
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2. Experimental 
2.1 Electrochemical cell design and construction 
The cell was first conceived using the 3D modelling computer software SketchUp, 
to create a *.stl-format file that was then sliced using the 3D print preparation software 
Cura® for the creation of a G-code file suitable for input into most 3D printing hardware31. 
The entire object was constructed out of PLA using an Ultimaker 2® 3D printer with a 0.4 
mm nozzle size and a 0.06 mm layer height. The cell’s main body is comprised of a series 
of chambers that allow electrolyte to move in a plug flow fashion. The electrodes and top 
cover are also part of the geometry and help to define the channels through which the 
electrolyte can flow. 
The cell features an inlet flow manifold is shown in Figure 1A, which is comprised 
of a series of channels that distribute the main inlet flow and supplies it to the first electrode 
chamber, when the chamber floods, it spills over the top edge of the electrode and into the 
adjacent chamber, this process is repeated until the main and only outlet is reached. The 
clearance between the top edge of the electrodes and the cover of the cell had originally a 
value of 1 cm, however, we noticed some minor leaking due to an excess of foam caused 
by intense bubbling (equation 2) and decided to increase this value to 3 cm for all 
experiments reported here. The flow manifold allows a more homogeneous distribution of 
the electrolyte flow along the electrodes entire length. 
The 8 plates (100 mm x 45 mm) that were used as electrodes were machined out of 
low carbon steel sheets of 1 mm thickness and 99.8% wt. iron purity. A small 5 mm section 
protruded from the edge of each of the electrodes to use as an electrical connection and a 
5 
 
10-mm separation was kept between electrodes in all chambers (Figure 1B). We selected a 
10 mm separation as an optimum value based on a previous study conducted by the 
research group11. A photo of a finished prototype is shown in Figure 1C. 
A 1 g L-1 solution of NaCl acquired from PANREAC (above 99% purity), was used 
as a supporting electrolyte. The water employed for all solutions was treated to a 
conductivity of 0.1 	μS	cmିଵ  in an Ecomatic deionizing equipment by Wasserlab. The 
electrolyte was supplied to the cell using a Heidolph Pumpdrive 5201 peristaltic pump 
operating at 30 mL min-1, and the cell’s total volume was 460 mL. 
Direct current was supplied using a Dosban Industrial AFX3333C DC power supply 
and a multimeter connected in series to confirm the total current value. To assess the effect 
of the electrical configuration on the electrosynthesis, two different electric combinations 
were tested: bipolar electrodes in series connection (BP-S), and monopolar electrodes in 
parallel connection (MP-P). In the first configuration the total current applied was 100 mA 
(3 mA cm-2). In the second connection a total current of 700 mA was applied, so the current 
through each cell was also 100 mA (3 mA cm-2), considering that the resistance into each 
cell was the same (see FEM simulation). A schematic representation of the two different 
configurations is shown in Figure 2.  
A Crison basic 20 pH-meter and probe was employed for pH value recording at the 
outlet flow cell. The nanoparticles were collected with a neodymium magnet placed on the 
bottom of the beaker. The solutions were discarded and the nanoparticles were washed 
several times and collected every time with the magnet.  Afterwards, the nanoparticles were 
dried in a vacuum system over night.  
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2.2 FEM simulations 
The hydrodynamic behavior and electrical configuration were modeled by FEM 
simulation. The first part of the simulation was computed using the laminar flow module in 
COMSOL®. Equations 6 and 7 were solved for incompressible flow in the stationary state, 
considering no slip boundaries for static walls, laminar flow boundaries for electrolyte inlet 
and outlet and moving wall boundaries for simulation of H2 bubbling on the surfaces of the 
cathodes and O2 on the anodes. A summary of the boundary conditions and parameters 
employed is presented in Table 1. 
ߩሺ࢛ ∙ ׏ሻ࢛ ൌ ׏ ∙ ሾെ݌ࡵ ൅ ߤሺ׏࢛ ൅ ሺ׏࢛ሻ்ሻሿ ൅ ࡲ (6) 
ߩ׏ ∙ ሺ࢛ሻ ൌ 0 (7) 
 
where: ࢛	= velocity field; ݌  = pressure; ߩ ൌ  fluid density (water at 25 °C); ߤ	= fluid 
viscosity (water at 25 °C);  ࡵ is the identity matrix, ܶ denotes the transpose operation and ࡲ 
represents the external forces applied to the fluid and n is the normal vector. 
The second part of the FEM simulation was carried out using COMSOL’s 
secondary current distribution module to analyse the potential and current distribution in 
the electrodes and electrolyte. The module solves the current distribution in the electrolyte 
according to Ohm's law. The kinetics of the electrodes were described by the Butler-
Volmer expression in addition to the dissolution resistance. The conductivity of the 
supporting electrolyte (NaCl) was 0.199 S.m-1. The electrochemical reactions considered at 
the surface of the electrodes were the oxidation of iron at the anode and the reduction of 
water at the cathode, according with the observed mechanism15. The different electric 
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configurations were simulated by changing the position of the electrode current boundary. 
A summary of the parameters and boundary conditions used in the simulations is presented 
in Table 2, where: ࢏࢙  denotes the current density vector in the electrode ( ࢏࢒  for the 
electrolyte), ߪ௦ denotes the conductivity, ߶௦ the electric potential in the metallic conductor 
(߶௟ for electrolyte potential), and ܳ௦ denotes a general current source term (usually zero). 
2.3 Sample characterization parameters 
Before any characterization, the electrosynthesized material was washed several 
time collected with a magnet and dry in a vacuum oven. 
The morphology of the synthesized nanoparticles was investigated by means of 
transmission electron microscopy (TEM).  Micrographs of the synthesized nanoparticles 
were collected in a JEOL JEM 1010 instrument operating at an acceleration voltage of 100 
kV. The average size of the nanoparticles is calculated by measuring at least 100 
nanoparticles, analyzing their distribution. The crystalline phase and the crystal size of the 
resulting nanoparticles were investigated by X-ray diffraction (XRD). X-ray diffractograms 
were recorded between 10° and 80° 2θ in a D5000 diffractometer equipped with a 
secondary monochromator and SOL-X Bruker detector with Cu Kα radiation and analysed 
using the FullProf Suite program32 based on the Rietveld refinement method. Magnetic 
characterization was carried out using a vibrating sample magnetometer (MLVSM9 
MagLab 9T, Oxford instruments). The magnetization curves were measured at room 
temperature after applying a maximum magnetic field of 3 T. Parameters such as the 
saturation magnetization (Ms) and the coercive field (Hc) were derived from the 
magnetization curves.  
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Mössbauer spectra were registered at room temperature and at 77 K in a triangular 
mode using a conventional spectrometer with a 57Co(Rh) source. The spectral analyses 
were performed with a non-linear adjustment, using the NORMOS program33. The 
calibration energy was performed with an α-Fe (6μm) foil. 
 
3. Results and Discussion 
Figure 3 shows the FEM simulation of the flow speed distribution for the inlet flow 
manifold and the lateral view of the cell’s main body. It can be observed that the flow 
diffuser was able to distribute the flow velocity evenly at the entrance to the main cell 
body. The average flow speed value obtained from the geometry’s outlet boundaries on 
Figure 3A was 0.27 ± 0.02 cm s-1, which was then employed as the inlet flow speed value 
for the simulation in the main body (Figure 3B). According to the results, the inlet flow 
manifold can create a homogeneous flow speed distribution along the electrode length. 
Additionally, the main body flow speed distribution did not show any major stagnation 
zone. The flow was characterized as laminar (ܴ݁ ൏ 2100) throughout the main body of the 
cell. 
Figures 4A shows the results of the electrolyte potential distribution for the MP-S 
configuration. The electrolyte potential diminishes (from approximately 12 to 2 V) as the 
distance from the electrode connected to the power supply is increased. The arrows show 
the direction of the current flow in the electrolyte. When compared with the parallel 
configuration (Figure 4B), the arrows indicate that the current does not travel in the same 
direction across all of the cell instead, it travels from the positive surfaces (anodes) to the 
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negative surfaces (cathodes). Potential values for the parallel configuration are lower, as 
expected, when compared with the series configuration.  
The current density distribution in the electrodes helps us to better visualize high- 
current density zones, which are directly related to the distribution of reactive species 
throughout the cell. The current density distribution for the series configuration (Figure 4C) 
shows that the current density profiles in every electrode are different and that most of the 
current is concentrated in the outer electrodes, in agreement with the potential simulation. 
This behavior was also observed during experimentation. When the electrodes were taken 
out of the cell, it was clear that the outer anodes had suffered a drastically higher loss of 
material than had the inner anodes. 
On the other hand, the electrode current density distribution in the parallel 
configuration (Figure 4D) shows a gradient in the vertical direction in each electrode, 
however, this distribution is the same in all inner electrodes which suggests a more 
homogeneous current distribution along the cell when compared with that of the series 
configuration. It is noteworthy to mention that the material lost in all anodes was visually 
similar for the parallel configuration. 
 
3.1 Cell performance 
To evaluate the behavior and efficiency of the flow cell in the two electrical 
configurations tested, the cell total voltage and the pH value of the outlet solution were 
recorded (Figure 5). 
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As seen in Figure 5A, the cell voltage diminished from 15 to 12 V for BP-S and 
from 2.5 to 1.5 V for MP-P during the first minutes of synthesis. This is due to the 
increment in electrolyte conductivity, which is a direct result of the production of ionic 
species. Voltage values remained relatively constant (ΔV/min < 0.01 V/min) after 10 
minutes for the MP-P configuration and after 30 minutes for BP-S. A sudden increase in 
pH values was recorded during the first few minutes of synthesis for both configurations 
(Figure 5B), and maximum (11.5 for BP-S and 12.5 for MP-P) was reached around the 10-
minute mark. After that, pH values steadily decrease, but remained above 10. The pH 
evolution is of special relevance because hydroxylated compounds of iron act as a 
precursor species for the electrochemical formation of magnetite15. 
Energy consumption (ܧܥ) was calculated using the total cell voltage data from 
Figure 5A between the initial (ݐ௜ 	ൌ 	40	݉݅݊) and final (ݐ௙ ൌ 70	݉݅݊) collection times. The 
initial collection time was fixed at 40 min into the synthesis to ensure that the cell voltage 
was virtually constant. Efficiency was calculated by comparing the maximum obtainable 
Fe3O4 mass for the experimental parameters used, with the real production rate (ܴܲ), after 
several washes. Results are shown in Table 3. This table shows a comparison of the 
efficiency of both series and parallel configurations for 30 min. of synthesis, in both cases 
between 40 and 70 min. of the overall process (once a constant voltage is reached) 
These results show that the best performance (highest efficiency and production 
rate) was obtained when working with an MP-P configuration. Given that efficiency is an 
indirect measure of the system’s ability to transform Fe2+ into magnetite15, lower efficiency 
values, as found for BP-S, could indicate the formation of secondary species, which are 
removed during successive washing and rinsing processes and collected with a magnet. The 
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ability to transform Fe2+ into magnetite is strongly influenced by the distribution of the 
reactive species in the medium. In electrocoagulation systems for water treatment, MP-P 
configurations have been also found to be the most efficient34 due to their better current 
distribution between electrodes and the fact that pollutant removal efficiency, for 
electrocoagulation processes, is directly influenced by the production uniformity of the 
dissolving metal16. These results also support the current distributions shown in the FEM 
simulations and the known relation between a homogeneous current distribution and better 
cell performance. 
3.2 Sample characterization in the different configurations 
Figure 6 shows a comparison of micrographs taken of samples obtained from the 
different electric configurations studied. The nanoparticles displayed a quasi-spherical 
morphology in all cases. The mean particle diameter was calculated from at least 100 direct 
measurements. Nanoparticles with a mean diameter of 30 ± 2 nm were measured for the 
MP-P configuration sample, which are of a very similar size than the ones obtained in the 
standard batch synthesis (25-33 nm)11. For the BP-S configuration, the mean diameter was 
found to be 20 ± 1 nm. The arrows in Figure 6 A indicate the presence of a secondary 
species. For MP-P, the presence of secondary phases was negligible, and the nanoparticles 
obtained were larger and better-defined than the ones obtained for the series arrangement. 
Figure 7 shows the diffractograms obtained from samples collected from the two 
electric configurations studied. The typical diffraction peaks of magnetite can be observed 
(JCPDS 01-088-031). However, for the BP-S configurations, an additional peak at 2θ = 
40.5° was recorded. This signal cannot be assigned to a spinel structure and indicates the 
presence of an oxyhydroxide secondary species such as -FeOOH35 (JCPDS 81-0462). 
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Additionally, the Rietveld refinement method was applied to the XRD data to fit the 
crystal structure of the magnetite. Table 4 shows a summary of the parameters obtained 
from the Rietveld refinement method. The crystal size (16.6 and 21.1 nm for BP-S and MP-
P respectively) was found to be smaller than the particle size measured from the TEM 
micrographs (20 and 30 nm for BP-S and MP-P respectively) because the particles were not 
monocrystalline. The lattice parameter calculated is very close (within a 1% deviation) to 
previous reports in the literature36 for magnetite nanoparticles. No significant changes were 
detected related to the electrical configuration used. The agreement factors Rp and chi 
squared (2) have acceptable values for this fitting. 
Although goethite was detected by XRD in the material synthesized using the BP-S 
configurations, it is not possible to make a quantitative analysis of the products due to the 
small amount detected and to a certain amorphous character observed in the Mössbauer 
spectra (Figure 8). The Mössbauer spectra in all cases were fitted as the sum of different 
subspectra: two magnetic subspectra with hyperfine magnetic fields H=48.5(3)T (isomer 
shift=0.31(1) mm/s) and H=45.0 (2)T (isomer shift =0.4(1) mm/s)), corresponding to Fe3+ 
in the tetrahedral position and [Fe3+/Fe2+] in octahedral coordination in the magnetite spinel 
structure, respectively. In addition to the two sextets, there is one doublet with isomer 
shift= 0.2(1) mm/s and quadrupole splitting = 0.5(1) mm/s that may be due to the presence 
of some non-magnetic Fe3+ oxide, oxyhydroxide or Fe3O4 itself with a particle size of less 
than 10 nm11,37. The effect of cooling to 77K (spectra no showed) shows up that the particle 
size is less than 10 nm, as the doublet was not observed at this temperature. In the samples 
obtained using the BP-S configurations, a third sextet was observed (green subspectrum in 
Figure 8A). In this case, due to the width of the peaks, the sextet has been interpreted as a 
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distribution of hyperfine magnetic fields with average parameters of H = 40 (2) T and  = 
0.37 mm/s. Although the quantities of Fe assigned to the goethite by Mössbauer 
spectroscopy (30%) should be observed in the diffractograms, it is possible that we are 
overestimating the area of the subspectrum because it overlaps with the signal of the 
magnetite. In the MP-P sample, the hyperfine parameters confirm that the only species 
present is Fe3O4. 
Figure 9 shows a comparison of the magnetization curves recorded at room 
temperature for products obtained from both configurations. According to these results, the 
MP-P sample presents the highest magnetization saturation (77.3 emu/g). This was to be 
expected, given that the particle size follows the same trend. As the particle gets smaller, 
surface effects become more significant. Squareness (Mr/Ms) was found to decrease for 
smaller particles, and the coercivity was very close to superparamagnetic values,	 as 
expected for oxide nanoparticles whose size is below 20 nm. The decrease in magnetic 
saturation is a result of the combined effect of the smaller nanoparticle size and the 
presence of a paramagnetic phase (-FeOOH)38 detected by TEM, XRD and Mössbauer 
spectroscopy. A summary of the parameters obtained from the magnetization curves is 
shown in Table 5. 
3.4 Synthesis parameters evaluation for MP-P configuration 
After determining MP-P as the best electrical configuration in the continuous flow 
synthesis, the effects of synthesis parameters on the properties of the nanoparticles were 
evaluated, starting with the study of the effect of variation of the electrolyte flow at the 
entrance of the cell maintaining a constant current of 100 mA (3 mA cm-2).  
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The increase in flow did not modify significantly the Fe3O4 production rate. A yield 
of 12.1 mg min-1 was obtained for the original flow of 30 mL min-1. As flow increased to 
60 and 90 mL min-1, production rose to 12.3 and 13.2 mg min-1, respectively. No secondary 
species appeared when the electrolyte flow was modified in this range, and the morphology 
of the Fe3O4 nanoparticles and the lattice parameters were preserved. However, the mean 
particle size measured by TEM (Figure 10) decreases with increasing flow rates (30  2 nm 
with a flow of 30 mL min-1, 20  1 nm for 60 mL min-1 and 15  1 nm for 90 mL min-1) due 
to the reduction in the residence time of the particles in the cell body which causes an 
interruption in the growth phase. This effect was also observed in the crystal size calculated 
in the Rietveld refinements which showed that for 30, 60 and 90 mL min-1, the crystal sizes 
were 21.1, 17.8 and 15.6 nm respectively. It is noteworthy to mention that when using an 
electrolyte flow of 90 mL min-1, the difference between the crystal size obtained from the 
Rietveld refinement (15.6 nm) and the particle size calculated from the TEM micrographs 
(15 nm) was virtually nonexistent, which suggests that monocrystalline particles with a 
lattice parameter of 8.332 Å can be obtained under these conditions.  
The applied current variation on the MP-P flow cell was investigated under a 
constant flow of  30 ml min-1 and it showed that neither the form nor the size of the Fe3O4 
nanoparticles were modified. As applied current was increased, the production rate also 
rise, production grew from the original 12.1 ± 0.1 to 24.8 ± 0.2 and 47.5 ±0.1 mg min-1 for 
200 and 300 mA respectively, however, the increase of current also favors goethite 
formation (Figure 11). Current density at the electrode surface is a relevant factor for the 
nucleation rate and is related to the production of both Fe2+ and OH- (equation 1 and 2), but 
the production of magnetite becomes limited by the conversion of FeOOH to Fe3O4 
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(equation 5). Thus, an increment in the flow rate affects the growing stage, but not the 
nucleation processes. From the Rietveld refinements performed on the XRD diffractograms 
shown in Figure 12, it can be quantified that 21% of the synthesized product was -FeOOH 
when the applied current was 200 mA and that this increased up to 29% when the current 
was 300 mA. The fact that the shape and size of the nanoparticles remained practically 
constant during variation of the current intensity indicates that this parameter affects the 
number of nuclei formed but does not affect the growth phase of the nanoparticles, 
although it promotes the formation of secondary species that decrease the purity of the 
synthesized material. 
Since Fe3O4 formation is limited by the topotactic transformation process of 
oxyhydroxide species (FeOOH) in the presence of Fe2+ ionic species15, as the current in the 
system increases, an excess of Fe2+ species is likely to develop in the form of Fe(OH)2 due 
to the high pH conditions. This excess of hydroxylated species will be eventually oxidized 
by the oxygen dissolved in the medium without undergoing a topotactic transformation to 
Fe3O4, which would explain the occurrence of a higher presence of oxyhydroxide species 
when the applied current was increased. 
 
4. Conclusions 
A new electrochemical flow cell was designed, built and its performance evaluated 
for the electrosynthesis of magnetite nanoparticles. The best electrochemical configuration, 
determined based on production rate and energetic efficiency, was MP-P, which probably 
provides a better current distribution along the cell’s electrodes. Direct measurements from 
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TEM micrographs showed that for the MP-P configuration, the mean particle diameter 
decreased with increasing electrolyte flow, changing from 30  2 nm for a 30 mL min-1 
flow to 15  1 nm for a 90 mL min-1. The nanoparticles synthesized with the highest flow 
value were found to be monocrystalline. The crystal structure was confirmed by means of 
XRD, and an additional secondary phase (identified as -FeOOH) was found for the 
product of the series configurations and for the parallel configuration only when current 
was increased. Magnetic saturation was higher for the MP-P configuration due to the lack 
of a paramagnetic phase, with coercivity values close to a superparamagnetic behavior and 
in good agreement with previous literature reports. In terms of productivity, the prototype 
cell improved the production rate by a factor of approximately 6 compared with the 
standard batch synthesis15. 
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FIGURE CAPTION 
Figure 1. 3D printed electrochemical scheme. A) Expanded view with top cover and 
electrodes halfway in. B) Main body cross section view (not to scale). C) Photo 
of the finished prototype.  
Figure 2. Electrical configurations for the electrochemical flow cell: A) In series bipolar, 
BP-S and B) Parallel monopolar, MP-P. 
Figure 3. FEM simulated stationary flow speed (cm s-1) distribution for A) Inlet flow 
manifold and B) main cell’s body. 
Figure 4. FEM simulated electric potential distribution in the electrolyte for: A) Series 
bipolar and B) Parallel monopolar configurations. Dimensionless electrode 
current density distribution for: C) Series bipolar and D) Parallel monopolar 
configurations.  
Figure 5. A) Flow electrochemical cell voltage, and B) exit pH value, during 
electrosynthesis   at   30  mL min-1  electrolyte  flow   and   current   density   of  
 3 mA cm-2. 
Figure 6. TEM micrographs and size distribution histogram of Fe3O4 nanoparticles 
obtained for A) BP-S, and B) MP-P configurations.  Nanoparticles obtained at 30 
mL min-1 electrolyte flow and 3 mA cm-2 current density. The arrows in A) 
indicate the presence of -FeOOH as secondary species. 
Figure 7. Magnetite nanoparticles XRD diffractogram comparison for the material 
obtained for two different electric configurations, at 30 mL min-1 electrolyte flow 
and 3 mA cm-2 current density. 
. 
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Figure 8. Magnetite nanoparticles Mössbauer spectra at room temperature.  Fe3O4 obtained 
for A) BP-S and B) MP-P configurations, both at 30 mL min-1 electrolyte flow 
and 3 mA cm-2 current density. The green line in A) indicate the presence of  -
FeOOH as secondary species. 
.Figure 9. Hysteresis measurements, recorded at 300K, of Fe3O4 nanoparticles obtained at 
30 mL min-1 electrolyte flow and 3 mA cm-2 current density for BP-S and MP-P, 
configurations. Inset shows a magnification  near  H=0 T.  
Figure 10. TEM micrographs of magnetite and distribution size comparison obtained for 
MP-P configuration at different flows: A) 30 mL min-1, B) 60 mL min-1 and C) 
90 mL min-1 for 3 mA cm-2 current density. 
Figure 11. TEM micrographs of magnetite in MP-P configuration and histogram 
comparison obtained at different currents: A) 100 mA, B) 200 mA and C) 300 
mA for 30 mL min-1 of constant flow. 
Figure 12. X-ray diffractograms for nanoparticles obtained with MP-P configuration at 
different flow and electric current values. 
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TABLES 
 
Table 1. Parameters and boundary conditions used for FEM flow simulations. 
 
Flow simulation of the inlet manifold 
Laminar flow module 
Section Parameter Value Note 
Fluid properties Density (ρ) 1000 [kg/m3] Electrolyte domain 
Fluid properties Dynamic viscosity (µ) 1x10-3 [Pa s] Electrolyte domain 
Inlet Flow rate (V0) 30 [cm3/s] Inlet boundary 
Inlet Entrance length (Lin) 0.1 [m] Inlet boundary 
Inlet Entrance thickness (Dz) 5 [mm] Inlet boundary 
Outlet Exit pressure (pout) 1 [atm] Outlet boundary 
Outlet Exit length (Lout) 0.02 [m] Outlet boundary 
 
Flow simulation of the main body 
Laminar flow module 
Section Parameter Value Note 
Fluid properties Density (ρ) 1000 [kg/m3] Electrolyte domain 
Fluid properties Dynamic viscosity (µ) 1x10-3 [Pa s] Electrolyte domain 
Inlet Average velocity (Uav) 0.27 [cm/s] Inlet boundary 
Inlet Entrance length (Lin) 0.01 [m] Inlet boundary 
Outlet Pressure (pout) 1 [atm] Outlet boundary 
Moving wall Velocity (up) 0.003 [m/s] H2 bubbling 
 
Boundary conditions 
Boundary Equation 
Inlet ܮ௜௡׏௧ ∙ ሾെ݌ࡵ ൅ ߤሺ׏௧࢛ ൅ ሺ׏௧࢛ሻ்ሻሿ ൌ െ݌௜௡࢔ 
Outlet ܮ௢௨௧׏௧ ∙ ሾെ݌ࡵ ൅ ߤሺ׏௧࢛ ൅ ሺ׏௧࢛ሻ்ሻሿ ൌ െ݌௢௨௧࢔ 
Non- slip wall ࢛ ൌ ૙ 
Moving wall ࢛ ൌ ࢛࢖* 
Initial values ࢛࢚ୀ૙ ൌ ૙ 
* velocity field due to hydrogen or oxygen bubbling (approximated from video 
captures 15) 
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Table 2. Parameters and boundary conditions used for FEM current and potential 
distribution simulations. 
 
Current distribution simulation 
Secondary current distribution module 
Section Parameter Value Note 
Electrolyte Electrolyte conductivity (σl) 0.199 [S/m] Electrolyte domain 
Electrode (anodes) Electrical conductivity (σs) 1x107 [S/m] Anode domain 
Electrode (cathodes) Electrical conductivity (σs) 1x107 [S/m] Cathode domain 
Anode-electrolyte 
reaction Equilibrium potential (Eeq) -0.44 [V] Anode boundaries 
Anode-electrolyte 
reaction Exchange current density (i0) 100 [A/m2] Anode boundaries 
Anode-electrolyte 
reaction 
Anodic (αa) and cathodic (αc) 
transfer coefficients 0.5 Anode boundaries 
Cathode-electrolyte 
reaction Equilibrium potential (Eeq) -0.82 [V] Cathode boundaries 
Cathode-electrolyte 
reaction Exchange current density (i0) 1000 [A/m2] Cathode boundaries 
Cathode-electrolyte 
reaction 
Anodic (αa) and cathodic (αc) 
transfer coefficients 0.5 Cathode boundaries 
 
Boundary conditions 
Boundary Equation 
Insulation െ࢔ ∙ ࢏௟ ൌ 0				 െ ࢔ ∙ ࢏௦ ൌ 0 
Electrode reaction ߟ ൌ ߶௦ െ ߶௟ െ ܧ௘௤ 
Electrode current ܫ௦,்௢௧௔௟ ൌ 0.1	ܣ 
Electric ground ߶௦ ൌ 0 
Initial values ߶௦ ൌ 0						߶௟ ൌ 0 
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Table 3. Production parameters for BP-S and MP-P configurations. 
 
  
Configuration EC (kJ/g) PR (mg/min) Ef (%) 
BP-S 6.3 3.3 19.4 
MP-P 5.9 12.1 72.3 
 
 
 
 
 
 
 
 
Table 4. Rietveld refinement parameters 
 
Configuration Crystal size (nm) 
Lattice 
parameter 
(Åሶ ) 
Rp 2 
BP-S 16.6 8.358 8.94 1.59 
MP-P 21.1 8.364 8.64 1.39 
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Table 5. Summary of magnetic parameters obtained from magnetization curves recorded at 
300 K. ሺ1	݉ܶ ൌ 0.1	ܩ ; 1	݁݉ݑ/݃ ൌ 	1	ܣ	݉ଶ/݇݃ሻ  
Configuration Ms (emu/g) Mr (emu/g) Mr/Ms Hc (mT) 
BP-S 73.5 4.33 0.06 0.0079 
MP-P 77.3 6.04 0.08 0.0062 
 
 
 
 
 
 
 
